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Objective: To compare the effectiveness of two different revascularization techniques in a single patient with
moyamoya disease.
Setting: Academic neurosurgery practice.
Design: Retrospective chart review and evaluation of radiographic results.
Participants: North American adult Caucasian female with moyamoya disease, who underwent direct
revascularization in one hemisphere (superﬁcial temporal artery–middle cerebral artery bypass) and indirect
revascularization in the other hemisphere (pial synangiosis) in close temporal proximity.
Outcome measures: Clinical evaluation and radiographic follow-up for two years. Catheter-based cerebral
angiography, CT angiography, and CT perfusion imaging were used to assess results.
Results: Both hemispheres showed revascularization following bypass with signiﬁcant cortical supply. The
direct bypass demonstrated superior ﬂow and territory coverage.
Conclusions: This case provides a demonstration of both main revascularization techniques for moyamoya
disease in a single adult patient over the same time period, allowing for a direct comparison. While the
indirect technique showed evidence of revascularization, the direct bypass showed more vascular supply.
A comprehensive review of recent case series supports this conclusion.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Moyamoya disease (MMD) is an intracranial occlusive arterio-
pathy that primarily affects the anterior circulation [1]. Although
more common in Asia, it is increasingly recognized in North America
[2]. Progressive occlusion of the anterior and middle cerebral artery
trunks leads to ischemia and infarction in the cerebral hemispheres.
Abundant collaterals form from the deep lenticulostriate arteries that
serve to supply the overlying brain. In children, progressive and
chronic ischemia typically leads to headaches, transient ischemic
attacks (TIA), stroke, and seizures [3]. In adults, intracerebral
hemorrhage (ICH) is also a common presentation. Surgical revascu-
larization is the gold standard for treating MMD. Direct anastomosis
(“direct bypass”) of a donor vessel (e.g. the superﬁcial temporal
artery) to the middle cerebral artery provides immediate augmenta-
tion of ﬂow, while anchoring the superﬁcial temporal artery to the
brain surface (e.g. pial synangiosis) allows for gradual maturation of
anastomotic vessels (“indirect bypass”). The choice of surgicalological Surgery, Thomas
19107. Tel.: +1 856 256
B.V. This is an open access article umanagement is controversial in the adult population where both
direct and indirect bypasses may be feasible. Several case series have
been analyzed in an effort to elucidate the most effective surgery for
MMD in adults; however, due to the rarity of the pathology and
diverse presentation, it has not been possible to carry out meaningful
controlled trials in North America.
In this report, we describe a case of an adult Caucasian female who
presented with an intracerebral hemorrhage from MMD. After
recovering from the hemorrhage, she was treated by a superﬁcial
temporal artery–middle cerebral artery (STA–MCA) bypass on the
symptomatic side followed by a pial synangiosis on the opposite side.
Follow-up angiography and CT-based perfusion imaging highlight the
different results from both techniques allowing a direct comparison in
a single patient. In addition, we conducted aMEDLINE literature review
of recent case series of adult North American MMD patients treated
with different revascularization techniques for comparison.
Case report
The patient is a 51 year-old Caucasian woman with a past medical
history signiﬁcant for well-controlled hypertension who presented to
the emergency department (ED) with sudden onset of severe
headache, left hemiparesis, and slurred speech. A non-contrast head
computed axial tomography (CT) scan revealed a large hemorrhage innder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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dimension with intraventricular extension (Fig. 1a). Magnetic
resonance angiography (MRA) of the brain suggested severe stenosis
of bilateral anterior cerebral (ACA), middle cerebral arteries (MCA),
and enlarged bilateral posterior cerebral arteries (Fig. 1b). To conﬁrm
the diagnosis of MMD, we performed digital subtraction angiography
(DSA) of bilateral internal carotid arteries (ICA), external carotid
arteries (ECA), and vertebral arteries (VA) (Fig. 1c–f). Angiography
conﬁrmed severe stenosis of bilateral ACAs and MCAs with dilated
lenticulostriates (rete vasculosum) and collaterals (Suzuki stage 3) [1].
After discharge from the hospital, the patient underwent intensive
rehabilitation for three months. Although she continued to haveFig. 1. Preoperative Imaging. (a) A noncontrast head CT demonstrates intraparenchymal a
medical history signiﬁcant for mild hypertension. (b) MRA reconstruction in the sagittal plan
bilateral PCAs. (c) Right internal carotid artery angiography demonstrating intracranial bran
intracranial branches in Towne’s (e) and lateral (f) projection. Both ICAs show evidence of
abundance of subcortical collaterals (Suzuki stage 3).signiﬁcant weakness in the left arm, the patient regained the ability to
walk, and her speech returned normal. At this time, we proposed
surgical revascularization.
On the right side, an STA–MCA bypass was performed using standard
techniques. The right parietal branch of the STA was skeletonized after
localization with Doppler ultrasound. A craniotomy was performed,
centered beneath the vessel, and after opening the dura, an adequate
recipient branch (approximately 1.5 mm in diameter) of the MCA was
located on the cortical surface. An end-to-side anastomosis of the STA to
theMCAbranchwasperformedusing theoperatingmicroscope (Pentero,
Zeiss, Oberkochen, Germany) and interrupted 10-0 suture (BV130-3,
Ethicon, Inc., Somerville, NJ). Following completion of the anastomosis,nd intraventricular hemorrhage in a previously healthy Caucasian woman with a past
e demonstrates apparent occlusion of the ICA bifurcation and noticeable enlargement of
ches in Towne’s (c) and lateral (d) projection. Left internal carotid artery angiography
moyamoya disease with severe stenosis of the ICA bifurcation, MCAs, and ACAs and an
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performed to conﬁrm ﬂow. The patient tolerated the procedure well
without sequelae. Aspirin 325 mg was administered daily before and
after surgery.
After a six-week interval, a left-sided revascularization procedure
was performed. In this case, after isolating the left STA and performing
the craniotomy, the arachnoid over the brain was opened widely, but
a suitable recipient vessel (≥1.0 mm diameter) could not be found on
the brain surface. The STA was therefore left in continuity and
anchored to the pial surface with several interrupted 10-0 sutures
(“pial synangiosis”). The procedurewas performed according to SmithFig. 2. One-year postoperative angiography and two-year postoperative CT perfusion imaging a
(Towne's projection) shows patency of the direct STA–MCA bypass with hypertrophy of the
angiogram in late arterial phase (Towne's projection) shows patency of the indirect STA–MCA b
The middle row shows selective external carotid angiography on the right (c) and left (d) in
procedure. Thedotted lines outline the territories for emphasis. Thebottomrowshows the cereb
two years. The cerebral bloodﬂow(CBF)map (e) shows increased CBF on the right (direct bypas
in the left hemisphere relative to the right. CT angiography done at the same time conﬁrmed tand Scott [4]. The dura was returned into place, inverted, but not
closed. The craniotomy bone ﬂap was secured with cranial ﬁxation
plates such that the STA remained in continuity. The patient again
tolerated the procedurewell. The patient remained on aspirin andwas
clinically evaluated every three months. At the one-year interval, DSA
was done to assess the success of the revascularization bilaterally.
One-year postoperative angiography demonstrated a patent direct
bypass on the right providing supply to the central MCA territory and
retrograde ﬁlling of the M1 division through a hypertrophied STA
(Fig. 2a). Decreased subcortical vessels were also seen suggesting
decreased demand on those collaterals. The indirect anastomosis onfter direct and indirect bypass. (a) Right common carotid angiogram in late arterial phase
STA. The arrows show the area of the end-to-side anastomosis. (b) Left common carotid
ypass (pial synangiosis) with dilation of the STA. The arrow shows the area of synangiosis.
capillary phase in order to demonstrate the territory supplied by the revascularization
ral bloodﬂowandmean transit time calculated fromCTperfusion imagingperformedafter
s) hemisphere compared to the left (indirect bypass). Themean transit time (f) is increased
hat the bypasses were still patient (see Graphical Abstract).
Table 1
Summary of revascularization outcome studies in North American adult MMD based on type of surgery.
Authors (year) No of pts/sides Treatment Avg. Follow-up (yrs) Post-op ischemic stroke/pt-yr Post-op hemorrhage/pt-yr Favorable outcomes (mRS ≤ 2)
Lin et al. (2014) [9] 36/66 Indirect 5.8 1.4 0.0 90.6%
Abla et al. (2013) [5] 29/40 Direct 3.1 5.5 0.0 ﬁnal mRS = 1.09a
39/59 Indirect 2.1 4.8 0.0 ﬁnal mRS = 1.94a
Gross et al. (2013) [7] 29/35 Direct 1.3 5.4 0.0 72%
13/16 Indirect 2.7 6.8 5.7 46%
Starke et al. (2009) [10] 43/67 Indirect 3.4 4.7 0.7 88.4%
Guzman et al. (2009) [8]b 264/450 Direct 4.9 0.9 0.8 94.8%
Abbreviation: mRS, modiﬁed Rankin score.
a These authors reported mean mRS at last follow-up rather than percentage mRS ≤ 2 at last follow-up.
b Contains both adult and pediatric patients. In that study, 96.6% of adults had direct bypass.
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parietal areas through the increased diameter of the STA, neovascu-
larization, and small anastomotic vessels (Fig. 2b). Selective ECA
angiography (Fig. 2c) veriﬁed the patent STA–MCA bypass on the right
with vascular supply to nearly the whole MCA territory. On the left,
selective ECA angiography demonstrated a patent pial synangiosis
with supply to a signiﬁcant portion of the left MCA territory (Fig. 2d).
Comparing the two hemispheres, one can see more substantial
revascularization from the direct bypass over a one-year interval.
The patient has remained stable for over two years with residual
left hand weakness and loss of dexterity. She has had no new
hemorrhages, strokes, or transient ischemic attacks. CT angiography
and CT perfusion imaging were used to assess the bypasses after two
years. CT angiography demonstrates that both bypasses are still patent
(see Graphical Abstract). CT perfusion imaging suggests that the
direct bypass provides greater cerebral blood ﬂow than the indirect
bypass (Fig. 2e, f).
Discussion
Direct vs. indirect STA–MCA bypass for MMD
Research has continued to evaluate the outcomes of direct and
indirect revascularization procedures for MMD. In children, particu-
larly those with advanced moyamoya disease, the diameter of a
recipient MCA cortical branch available for a direct bypass is
frequently less than 1 mm. This situation makes direct anastomosis
technically challenging and possibly subject to early failure. There is a
wealth of literature supporting the utility of indirect methods in the
pediatric population. These methods include encephaloduroarterio-
syngangiosis (EDAS), encephaloduroarteriomyosynangiosis (EDAMS),
and pial synangiosis.
Increasingly MMD has been recognized in the adult North
American population, even in patients without Asian ancestry.
Although some predisposing factors have been recognized, many
cases, such as this one, appear to be idiopathic. In the adult MMD
population, cortical recipient vessels may be very small leading to
difﬁcult challenges in direct bypass. The ideal method of cerebral
revascularization in adult MMD has yet to be determined. The degree
of collateralization from an indirect bypass in an adult is often less
than expected compared to the pediatric experience [5,6].
Case series and review of literature
The case presented here provides an opportunity to directly
compare two distinct methods for revascularization that were
performed in close temporal proximity. Our case suggests that direct
revascularization has a more robust effect on augmenting blood ﬂow
in the adult MMD patient. Others have reported similar results in their
series [7].We conducted a MEDLINE search for peer-reviewed articles
reporting radiographic and clinical outcomes of revascularization
surgery for MMD in North American adults in the past ﬁve years
with a patient sample larger than thirty. We found 5 studies with
453 total patients. Three hundred and twenty-two received at least
one direct bypass, while 131 had at least one indirect bypass. Three
publications analyzed outcomes with a single treatment modality,
and another two summarized the institutional experience with
different surgical modalities. Table 1 summarizes outcomes from the
articles reviewed. The best clinical outcomes at the end of the
follow-up period were in the direct STA–MCA bypass cohort of 264
patients (94.8% with modiﬁed Rankin score [mRS] ≤ 2) [8]. In the
two published series of indirect bypass in moyamoya adults, the
clinical outcomes were also favorable with 88.4% and 90.6% having
good functional outcomes (mRS ≤ 2) [9,10]. A pooled analysis using
the four studies [7–10] that reported the percentage of good
outcomes (mRS ≤ 2) for each technique suggests that direct bypass
gives a higher percentage of good outcomes at last follow-up (92.5%
vs. 82.7%, p = 0.03 using Fisher’s exact test). However, such an
interpretation is limited because of the variations in length of
follow-up, surgeon, and data collection.
In the current literature, there is no clear superiority of one
technique over another for adult MMD, but direct bypass appears to
lead to improved radiographic outcomes. Based on current evidence,
in North American adults with MMD, we believe a direct bypass
should be attempted. If a suitable donor or recipient vessel does not
exist, then an indirect bypass is an appropriate alternative.
Conclusion
In summary, we have described a rare case of adult MMD in which
both a direct bypass and an indirect bypass were performed in a single
patient in close temporal proximity. The direct bypass (STA–MCA)
provided more robust revascularization than an indirect method (pial
synangiosis). However, the indirect method still provided new blood
supply and was a viable alternative since an appropriate recipient
vessel was not available. Our observation is consistent with the
current literature suggesting that a direct bypass provides better
revascularization and outcomes in the adult MMD population.
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